Interactions between social groups of colobus monkeys (Colobus vellerosus) explain similarities in their 1 gut microbiomes 2 3 Abstract 4
Introduction 26
The gut microbiome consists of thousands of species that affects its host's nutritional status, immune 27 function, and behavior (McFall-Ngai et al., 2013) . It is associated with parasite resistance and stress 28 response of hosts in the wild (Koch & Schmid-Hempel, 2011; Vlčková et al., 2018) and with obesity in 29 captive settings (Turnbaugh et al., 2006) . Because of these potential health consequences, it is 30 important to investigate the acquisition and maintenance of the gut microbiome (Amato, 2016; Archie & 31 Tung, 2015) . 32
The gut microbiome of individuals or social groups become more distinct with geographic (Colobus vellerosus) diverged over the course of nine months after a social group fissioned into two 43 daughter groups . 44
The divergence in gut microbiomes with home range separation could potentially be due to 45 dietary differences, lower degrees of relatedness, or lack of shared social environments (Archie & Tung, 46 2015; Björk, Dasari, Grieneisen, & Archie, 2019) . Diet is suggested to be one of the most important 47 factors affecting the gut microbiome (Voreades, Kozil, & Weir, 2014) . Gut groups have distinct gut microbiomes (Orkin, Webb, et al., 2019) . However, this pattern could also 52 reflect the genetic similarity of hosts in societies where at least some closely related individuals remain 53 together in their natal group. When this is the case, closely related group members are expected to have 54 more similar gut microbiomes than non-group members with lower degree of relatedness, because the 55 host's genetic makeup affects microbe colonization (Opstal & Bordenstein, 2015; Spor, Koren, & Ley, 56 2011 ) and a number of genomic regions are associated with gut microbial composition in rodents 57 (Bonder et al., 2016; Leamy et al., 2014) . This may explain why closely related individuals have more 58 similar gut microbiomes than unrelated individuals in some studies of humans and captive rodents 59 4 (Faith et al., 2013; Kovacs et al., 2011; Ley et al., 2005) . In contrast, genetic differentiation between 60 baboon populations was a poor predictor of their gut microbiome (Grieneisen et al., 2019) , and 61 relatedness did not have a significant effect on the gut microbiome in some studies of humans 62 (Rothschild et al., 2018) , non-human primates (Moeller et al., 2016) these studies indicate that gut microbes are transmitted via social interactions within social groups, 76 while it is unclear whether this is the case for social interactions between social groups. 77
To investigate whether the pattern of increasing between-individual differences in the gut 78 microbiome (i.e., beta-diversity) with home range separation is best explained by lower dietary overlap, 79 5 relatedness, or social connectedness, we focus on the black-and-white colobus monkeys (Colobus 80 vellerosus) at Boabeng-Fiema, Ghana. This is one of several rare species of arboreal leaf-eating monkeys 81 distributed across the forested regions of the African tropics, and it is closely related to guerezas 82 (Colobus guereza) and western black-and-white colobus (Colobus polykomos) (Ting, 2008) . At Boabeng-83 Fiema, all colobus social groups utilize a highly folivorous diet, but the most important food species 84 differ between social groups (Saj & Sicotte, 2007; ). More seeds and fruits are 85 available during the dry season, during which they eat up to 43% of these food items (Teichroeb & 86 Sicotte, 2017 . 104
The frequent between-group interactions coupled with variation in diet and relatedness within 105 and between social groups makes this a good study population to investigate whether the pattern of 106 increasing gut microbial beta-diversity with home range separation is best explained by lower degrees of 107 dietary similarity, relatedness, or social connectedness. We take a cross-sectional approach using 108 observational and genetic data from eight social groups to first test whether the gut microbiome was 109 structured by social groups. We predicted gut microbiome beta-diversity to be structured by social 110 groups and to increase with home range separation. We then evaluated which factors explained gut 111 microbiome beta-diversity between females across different social groups. We expected gut 112 microbiome beta-diversity to decrease with dietary similarity and relatedness and increase with distance 113 in the 1-meter proximity network. Finally, the significant predictor from the analyses above (social 114 connectedness) was used in a subsequent population-level analysis of Operational Taxonomic Unit 115 (OTU) abundance to determine which microbial taxa may be socially transmitted. Our definition of social 116 transmission includes both direct social transmission via physical contact and indirect social transmission 117 via shared substrates (e.g., Perofsky et al., 2017), and we will not attempt here to tease these two social 118 transmission routes. Males and females of all age-classes were used to create social networks, but the 119 7 gut microbiome data are only available for adult females. Therefore, our analyses of beta-diversity focus 120 on adult females. (Table A2 ). During this 128 time period, the study groups contained 3-9 adult (i.e., parous) females (Table A2) , 1-4 adult males, and 129 8 indices using ingested plant parts and plant species during focal samples. We choose this diversity index 140 because it only takes the presence or absence of an ingested food item into account, which we have a 141 robust estimate of using the focal data. The Sørensen dissimilarity indices in our data set had a high 142 median value of 0.83 and it was lower within than between social groups (Fig. A2 ). 143
We observed 61 and 285 between-group encounters (i.e., two social groups located within 50 144 meters of each other) during the first and second data collection period respectively. Of these 145 encounters, 53% lacked female aggression and 35% lacked male aggression. Because close proximity 146 between individuals of different social groups are rare and unlikely to be recorded during focal sampling, 147
we recorded approaches to 1 meter ad libitum (Altmann, 1974) . Some of these approaches only led to 148 brief close proximity while others led to prolonged contact like copulations, grooming, and play. We 149 created an undirected proximity network based on the presence and absence of approaches to 1 meter 150 between all individuals (N = 177 adult females, adult males, and immatures) present in the eight study 151 groups. We used the software UCINET (Borgatti, Everett, & Freeman, 2002) to compute inverse shortest 152 path length (i.e., Geodesic distance) in the 1-meter proximity network (hereafter referred to as social 153 connectedness): 1/[the number of steps (i.e., recorded interaction ties) in the shortest path from one 154 individual to another]. Social group members were in 1-meter proximity with each other (i.e., an inverse 155 path length of 1) or separated by two to three partners (i.e., an inverse path length of 0.5 and 0.33) ( Fig.  156 A2). The inverse path length for males and females belonging to different social groups ranged from 0 to 157 1 ( Fig. 1; Fig. A2 ). The seemingly unconnected individuals in the 2007 data set were most likely 158 unconnected because we only had access to data collected from a 3-month period. These individuals 159 9 were connected and separated with up to eight steps in the 2008-2009 network, which was based on six 160 months of data. 161 162
Genetic data collection 163
We collected faecal samples June-August 2007 and January-April 2009. Immediately after a female 164 defecated, we collected approximatey 1g of feces and dissolved it in 6ml RNAlater. The samples were 165 stored in a fridge at the field site until the end of the field season when they were transported to the 166 Ting lab and stored in a -20-degree C freezer. Note that we lack information on soil type, which was 167 driving between-site differences in the gut microbiomes in a large-scale study of terrestrial baboons 168 and between social groups, but there were at least some closely related females residing in the same 196 social groups (Fig. A2 ). 197
For generating the gut microbial data, we conducted fresh DNA extracts from 61 previously 198 genotyped samples from 45 females (Table A2) variables were centered and scaled (Schielzeth, 2010) . We included social group and focal identities as 261 random effects in all GLMMs, including the null models. We did not have any issues with collinearity 262 based on low Variance Inflation Factors for the full models (all VIF < 1.43). We evaluated the support for 263 each model using Akaike Information Criterion (AIC) (Akaike, 1974), and this approach allowed us to 264 determine which hypotheses (diet, relatedness, or social connectedness) was best supported by our 265 data (Burnham & Anderson, 2002) . Because several models received similar support, we took model 266 selection uncertainly into account by averaging coefficients across models (Burnham & Anderson, 2002 ) 267 using the R package MUMIN (Barton, 2013). In the first set of analyses, we included dyads that resided 268 in the same social group and dyads that resided in different social groups. To make sure that the effect 269 of social connectedness was not driven by the close social bonds within social groups, we repeated the 270 analyses with between-group dyads only. 271
To infer which of the gut microbial taxa may be transmitted via close proximity, which was a 272 better predictor of beta-diversity than diet and relatedness (see Results), we investigated whether the 273 abundance of each OTU was correlated with Geodesic distance in the 1-meter approach network using 274 Moran's test for autospatial correlations implemented in the package ape (Paradis, Claude, & Strimmer, 275 16 2004). We included within-group and between-group dyads in this analysis (N = 342 dyads). We counted 276 the number of OTUs in each phylum (or family) that were socially structured based on the autospatial 277 correlation results. We conducted hypergeometric tests to investigate whether this number was higher 278 than expected by chance based on the total number of OTUs in the phylum (or family) using the phyper 279 function implemented in R. In all analyses of taxonomic differences, we used the 10% false discovery 280 rate to correct p-values for multiple testing (sensu Tung et al., 2015) . The gut microbial taxa we 281 expected to be shaped by sociality are listed in the Table A1 ( group identity explained a more moderate percentage (19-28%), while year explained much smaller 291 percentage (8-12%) ( Table 1) . Read depth did not have a significant effect on beta-diversity (Table 1) . 292 microbiomes. This pattern can potentially be explained by group members having more similar diets, 300 higher relatedness, or stronger social connectedness than non-group members (Fig. A2) . 301
Beta-diversity index Factor Df Sums of squares
We created several competing generalized linear mixed models to investigate which of the three 302 hypotheses best explained increasing beta-diversity with home range separation: dietary dissimilarity, 303 relatedness, or social connectedness, controlling for data collection year. In our data set with both 304 within-group and between-group dyads (N = 1,212 dyads in 2007-2009), the full models and the models 305 with social connectedness received the greatest support (Table 2) . Social connectedness predicted gut 306 microbiome beta-diversity, and females located further apart in the social network had less similar gut 307 microbiomes ( Figs. 1-2 ). Year also predicted gut microbiome beta-diversity (Fig. 2) , and females had 308 more similar gut microbiomes during the rainy season of 2007 than the dry season of 2009. In contrast, 309 diet and relatedness did not have significant effects on gut microbiome beta-diversity (Fig. 2) Table 2 . The competing GLMMs' fixed effects, Akaike Information Criterion, delta (i.e., difference in AIC 311 between the current model and the best-fit model), and Akaike weights (i.e., relative likelihood of the 312 model), and marginal and conditional R 2 for the best fitting model (i.e., without versus with random 313 effects) when including a) within-group and between-group dyads and b) only between-group dyads. 314
315
To assess whether the effect of social connectedness on gut microbiome beta-diversity was 316 driven by closely connected within-group dyads having very similar gut microbiomes, we repeated the 317 analyses with between-group dyads only (N = 966 dyads). The full models and the social connectedness 318 models were again the strongest supported models (Table 2) . Beta-diversity was predicted by year and 319 social connectedness, but not by diet and relatedness (Fig. 2) . Our data set contained OTUs from 14 phyla, of which the most well-represented was Firmicutes, 331 followed by Bacteroidetes, Spirochetes, and Verrucomicrobia ( Supplementary Material Fig. 1 ). In each 332 social group, at least 70% of the OTUs belonged to the phylum Firmicutes ( Supplementary Material Fig.  333 1) and at least 50% of the OTUs belonged to the families Lachnospiraceae and Ruminococcaceae in the 334 phylum Firmicutes (Supplementary Material Fig. 2) . Table 1 ). The number of 337
OTUs with a significant relationship to social connectedness was greater than expected in the phylum 338 Firmicutes (N = 64, Hypergeometric test: P < 0. 001). The numbers of socially structured OTUs in the 339 phyla Bacteroidetes (N=6), Planctomycetes (N = 1), Proteobacteria (N = 1) and Tenericutes (N = 1) were 340 not greater than expected based on the total number of OTUs in these phyla (Hypergeometric tests, p > 341 0.050). The other phyla did not contain any socially structured OTUs. Four families had a higher than 342 expected number of socially structured OTUs: Bacteroidaceae (N = 4), Lachnospiraceae (N = 20), 343 21 Peptococcaceae 2 (N = 1), and Ruminococcaceae (N = 31). There was also a greater than expected 344 number of socially structured OTUs in 14 of 34 genera (Fig. 4) . The aim of this study was to investigate whether the increase in gut microbiome beta-diversity with 362 home range separation in female colobus monkeys was best explained by diet, relatedness, or sociality. 363 Distance in the proximity network was a better predictor than diet and relatedness, similar to findings in Although these previous studies suggest that strong social bonds within social groups drive between-366 group differences in the gut microbiome after ruling out the effects of relatedness and diet, this is the 367 first report of a relationship between gut microbiome beta-diversity and social connectedness between 368 individuals in different social groups. In contrast, gut microbiome dissimilarity between individuals 369 residing in different social groups did not increase with grooming network distance in sifakas ( Finally, relatedness and dietary differences within a season were not good predictors of beta-422 diversity in comparison to social connectedness. In contrast, seasonal changes in diet may be associated 423 with changes in the colobus gut microbiome, because beta-diversity was higher during the 2009 dry 424 season when their diet was more diverse than during the 2007 rainy season when they ate mostly 425 mature leaves. We will continue to investigate whether this seasonal dietary switch is linked to changes 426 in the gut microbiome, as previously reported from other species inhabiting seasonal environments 427 
